Central to understanding membrane bound cell signaling is to quantify how the membrane ultra-structure consisting of transient spatial domains modulates signaling and how the signaling influences this ultra-structure. Yet, measuring the association of membrane proteins with domains in living, intact cells poses considerable challenges. Here, we describe a non-destructive method to quantify protein-lipid domain and protein cytoskeleton interactions in single, intact cells enabling continuous monitoring of the protein domains interaction over time during signaling.
, and (ii) sterols and sphingolipids form "lipid rafts" [3] [4] [5] . This ultra-structure modulates the diffusion and aggregation of proteins, thereby influencing membrane bound cell signaling [6] [7] [8] [9] [10] . However, these structures are too small and possibly too dynamic for visualization by optical microscopy. Thus far, methods used to characterize lipid domains in cells either perturb the domains (detergent extraction 5 , choleratoxin or antibody labeling 4, 11 ), or are technically challenging (single particle tracking, thermal noise imaging and homo-FRET measurements [12] [13] [14] ). Also, none of these methods are able to continuously measure a protein-lipid raft association or observe changes caused by external stimuli or cell signaling in real time.
Here, we demonstrate a nondestructive method capable of continuously monitoring membrane protein interactions with the membrane ultra-structure. This real-time capability permits us to study changes in protein-structural domain associations as a consequence of signaling, ligand binding, or membrane perturbations such as anesthetics or temperature. We present examples demonstrating changes in proteinlipid domain interaction caused by ion channel gating, antibody cross-linking and cholesterol extraction.
Our method further develops an approach of Wawrezinieck et al. 18 who showed it is possible to characterize membrane protein-lipid domain interactions using a series of diffusion measurements across areas of increasing size. Wawrezinieck employed confocal fluorescence correlation spectroscopy (FCS) to measure diffusion which requires multiple measurements with a series of excitation volumes recorded sequentially, thereby prohibiting real-time investigation of dynamic events.
In contrast, our method utilizes spatially resolved camera based FCS 19 to record the diffusion time  1/2 across multiple sizes of areas simultaneously. The signal obtained in each camera pixel is binned into super-pixels covering a range of sizes. This method, which we call binned-imaging FCS (bimFCS), provides a fast and convenient method to continuously characterize membrane protein diffusion allowing, for the first time, quantification of changes in the protein-lipid raft association in real-time during. Also in contrast to confocal FCS, bimFCS does not require any experimental calibration because the observation area of each pixel is fixed. (Fig.1 a, b ) of bimFCS and how it effectively characterizes the diffusion of a membrane protein as (i) free Brownian diffusion in a homogenous environment, (ii) diffusion slowed by transient trapping in sub-microscopic domains, or (iii) diffusion hindered by interaction with a grid of diffusion barriers, i.e. 'membrane fences'. A region of the cell membrane is illuminated using objective based total internal reflection (TIR) microscopy. The fluorescence of a green fluorescent protein (GFP) fused to the membrane protein of interest is recorded using an electron multiplying charge-coupled device (EMCCD). To measure the transit time 1/2 of the membrane protein through different area sizes simultaneously, the camera pixels are binned into super-pixels from bin 1 to 6, which spans from a diffraction limited spot to a 0.96μm x 0.96μm area (For instrument details see supplementary information (Fig. S1) .
The bimFCS measurement allows us to distinguish between three types of membrane protein diffusion by examining the relationship between  1/2 and  (Fig. 1 c) . In contrast, the τ 1/2 versus ω 2 relationship obtained from Glycosylphosphatidylinositol anchored GFP (GPI-GFP) in PtK2 cells has a positive time-axis intercept (t i = 17.4 ± 5.6 ms, T = 25° C) indicating that this protein interacts transiently with submicroscopic domains (Fig. 1 d) . Following cholesterol extraction from the cell membrane using methyl-β-cyclodextrin (β-CD), the time-axis intercept of the  1/2 versus  2 graph of GPI-GFP is reduced to zero (t i = 1.4 ± 6.9 ms, n = 6), now indicating free diffusion. This data is consistent with GPI-GFP being a 'lipid-raft associated protein' which is transiently trapped in cholesterol stabilized domains. The effective diffusion coefficient of GPI-GFP remains unchanged before and after cholesterol extraction, 0.62 ± 0.07 μm /s, while its short range diffusion is faster and similar to the GPI-GFP diffusion (25° C). This behavior is expected because TfR contains a large cytoplasmic domain, which has previously been shown to interact with 'membrane fences', i.e. membrane associated cytoskeletal filaments 2, 15 . Therefore, our method also readily yields structural information about the density of the membrane cytoskeleton which is thought to be altered in a range of pathologies, i.e. cancer 16, 17, 20 .
Most significantly, bimFCS is uniquely suited to characterize changes in a protein's association with lipid domains or the cytoskeleton in a single cell in real-time. This realtime capability allows investigation of the changes in receptor-lipid raft association caused by receptor activation and dimerization during cell signaling [3] [4] [5] . As a model of dimerization induced changes in protein-lipid raft association, we measured changes in GPI-GFP-lipid raft association in PtK2 cells following addition of a monoclonal anti-GFP antibody (Figure 2 a, b ). (Fig. 2 b) . Together, the 40% increase in the time-axis intercept with unchanged effective diffusion constant indicates the time spent in each domain increased while the total time spent in domains remained the same 18 . A likely explanation would be that several domains merged as consequence of the receptor dimerization, or alternatively that the rate of entering and of exiting the domains may have been decreased by a similar amount (see supplement).
Conformational changes in isolated proteins as consequence of activation may also modulate protein-lipid domain or protein-cytoskeleton interactions. Using bimFCS we quantified clustering of GFP labeled transient receptor vanilloid channel (TRPV2-GFP) during activation by 2-Aminoethoxydiphenyl borate (2-APB) in PtK2 cells (Fig. 2 c) . indicates a diffusion independent reduction of the fluorescence intensity, such as bleaching of an immobile protein fraction. Hence, the bimFCS data suggest that APB activation of GFP-TRPV2 causes channels which were previously 'hopping' across membrane fences, to anchor to the cytoskeleton. Several members of the TRP channel family are known to interact with the cytoskeleton and TRPV2 contains a large cytoplasmic domain, including an ankyrin repeat domain [21] [22] . BimFCS provides now a way to study changes in this interaction during activation. We expect the bimFCS method to be especially useful in resolving how changes in membrane ultra-structure influence cell signaling.
METHODS
Methods and any associated references are available in the online version of the paper (here they are attached at the end). 
Supported Lipid Bilayer
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Liss Rhod PE) were purchased from Avanti. Glass coverslips (Carolina Biological) were first treated with Piranha solution (3:1 concentrated Sulfuric acid to 30% hydrogen peroxide solution) at 65˚C for 30 to 60 min then rinsed with 18M water. They were stored in air. Two mixtures of lipids in chloroform ((1) POPC with 2.5% Liss Rhod PE and (2) only POPC) were dried with a stream of nitrogen and placed under vacuum for 1 hour. Lipids then were hydrated in 1x PBS (1 mg lipids / 1 ml PBS). The resulting vesicles were put through five freeze (liquid nitrogen) -thaw (37 ˚C water bath) cycles and then extruded a minimum of 20 times through polycarbonate membranes of 100 nm diameter pores (Avanti Mini-Extruder). Vesicle solution containing 2.5% dye-labeled lipids was mixed with vesicle solution of un-labeled lipids at 1:100 ratio and then sandwiched between a coverslip and a unifrost microscope slide for 1 to 2 min. Bilayers were formed by vesicle fusion on the glass coverslip surfaces.
Data Acquisition
See Fig. S1 for a schematic diagram of the bimFCS instrument. All measurements were performed using an objective type TIRF microscope constructed around an inverted microscope (AxioObserver, Zeiss) and an Andor EMCCD camera working in kinetic acquisition mode. A 100x oil immersion objective (Zeiss, NA=1.45) was used to achieve TIRF angle illumination. Each camera pixel corresponds to a 160nm × 160nm are in the sample plane. Typically a rectangular-shaped region of interest (ROI) is chosen around 3m from the edge of cell. Maximum frame rates would vary depending on the number of rows utilized for the ROI. A typical frame rate for a 50×20 pixels ROI positioned is around 1.7 ms/frame. For each data set, 70s of data was recorded in a selected ROI. To optimize the signal-to-noise ratio and photobleaching for the GFP-labeled proteins we used about 3mW laser power (measure at the objective lens, 488nm, Innova 70C laser (Coherent).
Data Analysis
All data analysis was performed using Igor Pro software with self-written extension files. See Fig. S2 for a flow diagram of the data analysis. Fluorescence image stacks in the form of 8-bit tiff-files were loaded into a 3-D intensity matrix. The first 20s of each data set was discarded to avoid the initial uncertainties arising from the cascade effect in the EMCCD. Bleach correction was then performed in order to compensate the loss of fluorophores during data acquisition. For detailed protocol of bleach correction see "Bleach Correction". For each bin n (n = 1 -6), the intensity values within each n × n pixel box is averaged, with the box sliding 1 pixel at a time until covering the whole frame. The FCS curve of each binned unit was calculated and then average over the frame. The averaged FCS function was mostly fitted with one component Hill Equation to obtain  1/2,bin N . In cases where more than one dominant decay mechanism was observed, a global fitting of all 6 data sets with two-component Hill Equation was employed, with the longer component linked to be the same for all 6 bin settings. Effective observation area  , in which the  PSF is the width of the Gaussian function that approximates the system PSF obtained through calibration experiments. Monte-Carlo simulations of diffusion were performed to confirm the effective pixel size. The fluorescence of 100 simulated lipids diffusing for 120seconds was convoluted with the PSF and added together to create sample data with known molecule and intensity distribution.
Interpretation of Changes in Time-axis Intercept and Effective Diffusion Coefficient
Wawrezinieck et al. derived that the time-axis intercept t 0 of a protein with a fraction  of molecules inside permeable micro-domains, can be approximated from the confinement time 
The effective diffusion coefficient in the presence of permeable microdomains is given by (Wawrezinieck, Once the image stack was loaded into a 3-D matrix, the average intensity of each frame (I ave ) is calculated and the resultant I ave (t)was fitted with an exponential decay function. The intensity value of each individual pixel is then divided by the average intensity value (when the ROI covers more than 100 pixels. Otherwise the fitted function of the I ave (t) was used for bleach correction) of the corresponding frame it lies in to correct for the effects of photobleaching, laser fluctuations, etc.
a b c d e f An example of the effects of bleach correction is given in Fig. S3 . Data presented here was taken from a lipid bilayer in which 0.025% of the PE lipids were labeled with Rhodamine. The average frame intensities I ave before (a) and after bleach correction (b) were plotted over number of frames. Fluorescence fluctuations in a 3×3 binned area before and after bleach correction are shown c and d, respectively. A comparison of the resultant FCS curves shows that: without bleach correction, photobleaching (in the timescale of seconds) was the dominant decay mechanism (e); the shorter decay time due to diffusion (in tens of ms) only becomes apparent after bleach correction was performed (f). One component Hill Equation fit (blue lines) gives a decay time of τ 1/2 = 50 ± 10 s and τ 1/2 = 25 ± 2 ms for the FCS curves in e and f, respectively.
